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Single-wallcarbonnanotubg SWNT) bendswith diameterdrom ~1.0to 2.5 nm andbendanglesfrom 18°
to 34°, areobservedn catalyticdecompositiorof hydrocarbonst 600-1200°C. An algorithmusingmolecu-
lar dynamics(MD) simulation techniquess developedto model thesestructuresthat are consideredo be
SWNT junctions formed by topological defects(i.e., pentagon-heptagopairy. The algorithm is usedto
predictthe tube helicities and defectconfigurationsfor bendjunctionsusingthe observedube diametersand
bendangles.The numberandarrangemenof the defectsat the junction interfacesarefoundto dependon the
tube helicities and bend angle. The structuraland energeticcalculationsusing the Brennerpotential show a
numberof stablejunction configurationsfor eachbendanglewith the 34° bendsbeing more stablethanthe
others. Tight-binding calculationsfor local density of stateand transmissioncoefficientsare carried out to
investigateelectricalpropertiesof the bendjunctions.[S0163-18268)05620-3

I. INTRODUCTION

Recently, Dai et al.! reportedsingle wall carbon nano-
tubes (SWNT'’s) producedby molybdenum-catalyzedie-
compositionof carbonmonoxideat 1200°C. Thatwork pro-
vides the first experimentalevidenceof SWNT’s produced
by preformed catalytic particles. It has been shown more
recently? thatsimilar SWNT productionalsocanbe achieved
using other catalyst particles and hydrocarbonsat 600-
1000°C. Moreover, the isolated SWNT's grown in these
processesffer deepinsightinto someinterestingstructures.
For example,isolatedSWNT sharpbends,as shownin Fig.
1, have beenfrequently observed. Most show clearly de-
finedbendanglesof ~18°,26°,and34°, with tubediameters
between~1 and 2.5 nm, but the otherbendanglesmight be
present.

Individual andbundledSWNT’s, grown by arcdischargd
and laser ablatiof methods,are also often in bent, coiled,
andevenseamlessoroidal configurationsHowever,in these
caseghe continuousvariationsin the curvaturesaredifferent
from thosein Fig. 1, and attributedto elastic bending.In
contrast,complex multiwall nanotube(MWNT) bendsare
observedsfree-standingtructures, helices® andL, Y, and
T brancheg, when grown by the arc dischargeand catalyst
particle methods.Theseare believedto be nanotubejunc-
tions with topological defects,such as pentagon-heptagon
pairs,atthejoints. A nanotubecanbe eithera semiconductor
(S) or ametal(M), dependingn its helicity anddiamete®
Thus,a bendconnectingwo SWNT's canbea M-M, M-S,
or $ S heterojunction.This has stimulateda greatdeal of
interest in proposing SWNT junctions as nanoelectronic
devices’ The catalystparticle methodfor growing SWNT’s
may provide exciting opportunitiesfor making SWNT het-
erojunctions.

Topological defects changethe tube helicity or chiral
anglewhenintroducedat the endof a growing nanotubeAs
a result, a junction connectingtwo different nanotubess
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formed. It is not clear by what mechanismgopologicalde-
fectsareintroducedandstabilizedin agrowingSWNT in the
catalystparticleprocesgatherthanin the carbonarcor laser
ablation processesHowever, it seemsthat physical and/or
chemicalinteractionsbetweenMWNT layers or tubesand
catalystparticlesplay a role in the formation of defectsand
bend structures.This is becausesharp bendsare observed
more frequentlyin MWNT'’s (with interlayer interaction$

thanin SWNT’s, andin the catalystparticle methods(with

tube-catalysiparticle interaction$ thanin the arc and laser

FIG. 1. RepresentativeTEM and atomic force microscopy
(AFM) (inser) imagesof theisolatedSWNT bendsgrownin cata-
lytic decompositiorof hydrocarbonst 600-1200°C. Threetypical
bendanglesare (a) 34°, (b) 26°, and(c) 18°.
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FIG. 2. Constructionof a SWNT bendjunction (10,0;6,6;36}.
(a) and(b), two graphenesheetsareconnectedo form a 30° planar
bend;(b) and(c), the planarbendis rolled overto form a 30° tube
bend;and(c) and(d), the 30° bendis relaxedto a 36° bendvia a
MD run. Thesj, mj, andi betweerfour brokenlinesrepresenthe
unit cells of two terminaltubesandthe junction interface.

methodgwith catalystsexistingasvapop.'~® Somephenom-
enological growth mechanismmodels have been proposed
for the formation of topological defectsand bendson the
catalystparticles!®

In thiswork, our goalis to characterizéhe observedend
structuregatherthansuggesbthermechanismsor their for-
mation. It is possible,but very difficult at presentto experi-
mentallydeterminethe tube constituent@ndthe existenceof
the defectsin the observedSWNT bends.Therefore we use
computermodeling tools to explore the possiblestructural
and electricalpropertiesof the observedSWNT bends.The
modeling resultsare expectedto help further experimental
studies.

II. MODEL CONSTRUCTION

The 30° or small angle (0—15°) bendswere modeledby
Dunlap and Chico et al.,? respectively,using a maximally
separatednda fusedpentagon-heptagqgpair alongthe tube
circumferenceat the joint of two tubes.They did not char-
acterizethe observed18° and 26° bends.In fact, Dunlap’s
30° planarbendconstructionactually modelsa larger-angle
bendasshownbelow. Therefore we developanalgorithmto
model 0-60° bendjunctionsusing pentagon-heptagopairs
to connecttwo tubes.This algorithm may be consideredo
be an extensionof Dunlap’s constructions.

Figure2(b) showsa Dunlap 30° planarbendconstruction
thatwill leadto a bendjunction of tubes(10,0 and(6,6). It
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shows a perfect topological match betweentwo graphene
sheetawith half-pentagorandhalf-heptagorat two edgesA
andB) of thejoint line AB. The 30° tubebend[Fig. 2(c)] is
obtainedwhen thesetwo sheetsarerolled over. The atoms
aroundthe joint line AB in the tube bend,however,are not
chemically bonded (the nearestatom distances>1.8A) if
the chemicalbonding(~1.42A in bondlength in bulk tubes
andthe 30° bendanglearekept. The straightline AB on the
planarsheetis separatednto two curves,AB1 andAB2, on
the tube surfacesIn orderto chemicallybondtheseatoms,
an additionalsmall-anglebendingis needed.Thus, the tube
bendangle 6 [Fig. 2(d)] is largerthanthe planarbendangle
6.
The Dunlap methodcan be extendedto constructother
bends,aswell. We find thatthe planarbendangle 6§, canbe
relatedto the helicities of two tubes(mq,n;) and(m,,n,).
Thatis,

bo=|b1= b5, (1
¢i=tan [v3n,/(2m+n;)], (2)
di=v3a,_.(m?+n?+mn)" ), (3)

where, ¢; andd, are the chiral angleand diameterof tube
(m; ,n;) anda,_, is the bondlength.

Equation(1) showsthat the bendanglecanbe eitherthe
sum or the differenceof two chiral angleswhile other pos-
sibilities may exist. Thus,a bendfollowing Eqg. (1) canhave
a bendanglefrom 0 to 60° asthe chiral angle of onetube
takesvaluesfrom O to 30°. For §,=30°, theaboveequations
are simplified to Dunlap’s relation! after simple triangle
function operationson Egs. (1) and (2):

my=ny(my+2n,)/(my—n,). (4)

If n,=0, then m,=n,. This indicatesthat a zigzag tube
(n,,0) andanarmchairtube (m,,m,) alwayscanmakeup a
30° bend.The junction (10,0/(6,6) shownin Fig. 2 is one
example.

Equation (1) can be usedto find the tube helicities,
(mq,nq;m,,n,), in abendjunctionfor the givenbendangle
andtube diametersfor example,from the observedmages
as shownin Fig. 1. Sincethe four unknownsare relatedto
only threeindependenequationswe may find a numberof
tube helicitiesfor the given bendangleandtube diameters.

Giving one set of tube helicities, we follow the steps
shownin Figs. 2(a)—2(d) to model a bendjunction. A 30°
planar bend always can be drawn in a graphenesheet,as
shownby Dunlap?! The otherbends however,haveto start
from two graphenesheetsasillustratedin Fig. 2(a). Thetwo
sheetsare cut by lines AB1 and AB2, respectively,with
AB1=AB?2 and/ B1AB2=6¢,. Theplanarbend[Fig. 2(b)]
formed in this manneris found to be connectedby only
pentagon-heptagopairs in most cases(seeFig. 3), but in
somecasesalso by othertypesof defectssuchasfour- and
eight-memberings, dependingon wherethe sheetsare cut
and joined. Thenthe planarbendis rolled over to form the
tube bend[Fig. 2(c)]. The tube bendalso can be madeby
creating,cutting, and connectingtwo straighttubesinstead
of two sheetsHowever,we find thattwo tubesarenot topo-
logically matchedn this caseIn otherwords,the useof the
planarbendconstructionensureghe right sp? bondconnec-
tions while the planarbendangleis smallerthan the actual
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a (10,10, 17,0; 349

d. (10,10; 16,2; 269

e (10,10: 128; 8% £ (10,10; 11,9; 4%

FIG. 3. Examplesof simulatedSWNT bends.(a): a 34° bend
hasonepentagorandoneheptagorin the oppositesitesof thejoint;
(b)—(d): a 26° bendhasthreepentagon-heptagodefectswith one
in opposite sites and the other two defects (fused pentagon-
heptagonpairg in different arrangements(e) a 8° bend hastwo
fuseddefects;and (f) a 4° bendhasonly onefuseddefect.

tubebendangle.In contrastdirectly cutting andjoining two
tubes may not ensurethe bond connectionsamong atoms
aroundthe joint interface.

Steps(c)—(d) are performedusing a molecular-dynamics
(MD) simulationbasedon the Brennerempirical potential*?
This potentialreliably describeschemicalbondingin graph-
ite, and straightand toroidal nanotubes? and thereforeal-
lows usto seekstabledefectconfigurationsand stablebend
structuresThe MD simulationis carriedout at 1000°C. At
this temperaturethe strainedtube bends[Fig. 2(c)] quickly
changeto the relaxedstructureqd Fig. 2(d)].

Using the abovealgorithm, we havebeenable to model
andcharacterizea variety of SWNT bendjunctionswith the
bendanglesfrom ~0 to ~60°. In this presentwork, we take
that d1=d2=1.36nm=*=3% and #=(18°,26°34°)+1° to
model the observedSWNT bends.The resultsare summa-
rizedin Tablel. The relaxedbendanglesand energiesvere
obtainedfrom a energy minimization starting with relaxed
structuredrom the MD simulations.

I11. BEND STRUCTURES

It canbe seenfrom Table| that the relaxedbendangles
are always larger than the planar bend angles,by roughly
3-4°. The bendanglesare ~34, 26, and 18° for the relaxed
bendsfrom the initial valuesof ~30, 23, and 15°, respec-
tively. For smaller diametertubes, this differenceis even
larger,about6—8°, basedon our simulationsfor bendjunc-
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tions, (6,6)/(10,0, (5,9/(9,0, (5,9/(6,4), and (5,9/(7,3.

The differencebetweenthe planarbendangle and the tube
bendanglewas previouslyexplainedusing Fig. 2. If atube
diameteris large enough,the bend angle doesnot change
muchbeforeandafterthe graphenesheets rolled over. That
is, the differencebetweenthe planarbendangleandthe tube
bendangledecreasesvith increasingtube diameter.The re-

laxed tube bend angle also dependson interatomicinterac-
tions or the interaction potentials. For example,the bend
anglesof (9,0/(5,5 and (10,0/(6,6) were found to be 40°

and 37°, respectivelyusinga simple empirical potentialbut
only 36° for (9,0/(5,5 using a semiempiricalmolecular-
orbital calculation*

Now we characterizehe SWNT bendstructuresshownin
Tablel. A SWNT is describedy the tube helicity (m,n) or
geometry(d, ¢). Mechanicaland electricalpropertiesof the
SWNT have beenshownto be a simple function of these
structuralor topological parametersf the SWNT is defect
free, i.e., a perfectcarbonhexagonalnetwork. Similarly, a
bendjunction can be characterizedy (m,,n,;m,,n,;6) if
theseparametersare also relatedto the atomic structureat
the joint interface or the defect configurationsat the joint
suchasthe numberand arrangemenbf topologicaldefects.
In the following discussion, we define a junction by
(mq,n,)/(m,,n,) anda bendby 6 only.

Table | showsthe dependencef the bendangleon the
numberof defectpairsin bendjunctions. The numbersof
pentagon-heptagodefectpairsrequiredfor forming 34, 26,
and 18° bendsare one, three,andfive, respectively A bend
canhavedifferentjunctions(e.g.,a 34° bendhasfour differ-
ent junction configurationgs A junction also can have two
bendangles,¢;+ ¢, and|¢$;— ¢,|, becauseof the depen-
denceof the bendangleon the numbersof defects.For ex-
ample,junction (17,1/(11,9 in Tablel hastwo bendangles,
34° (0y= 1+ $»,=29.5° and 26°(6y=|p,— P, =23.99).
Figure3 alsoshowsthe dependencef the bendangleon the
arrangementf defects.One pentagon-heptagodefectpair
canleadto a 34° bendjunction (10,10/(17,0 [Fig. 3(a)] or a
4° bendjunction (10,10/(11,9 [Fig. 3(f)] whenseparatedo
the oppositesidesof the junction or fused at the joint cir-
cumferenceSimilarly, two defectarrangementsanresultin
a 8° bend junction (10,10/(12,8 [Fig. 3(e)] if two fused
pentagon-heptagopairs are used, or a 30° bend if one
pentagon-heptagas fusedandthe otheroneis separatedn
the mannerasshownin Fig. 3(a). Thus,the samenumberof
defectscanleadto differentbendanglesbecausef different
arrangementsf defectsat the junction interfaces.

We now give someinsightinto the defectconfigurations
atthebendjunctioninterface A commonfeatureto all bends
is thatthe defectsare alignedalongthe joint circumference.
A defectcanbe separatedr fused,leadingto a largeror a
smallerbendangle[e.g.,Fig. 3(a) versus3(f)]. The two ar-
rangementsn Figs. 3(a) and 3(f) were originally proposed,
respectively by Dunlap' and Chico et al.® All the bendsin
Tablel arefoundto beformedonly by oneof thesetypesof
pentagon-heptagopairs, as illustrated in Fig. 3. Thus, a
fusedand a maximally separatediefectalong the joint cir-
cumferencearethe basicconstructionunits andthe common
featuresof the bendjunctions.Startingfrom a 34° bendwith
a maximally separatediefect[Fig. 3(a)], addition of fused
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TABLE I. Structuresandenergeticof simulatedSWNT bendjunctions.

(my,n,)/(my,Nny) d,/d; (nm) ol by, ° b, ° eV/atom junction
Junctionsto reacha relaxed34° bend(one defect,i.e., one pentagon-heptagopair)
(17,0/(10,10 1.331/1.356 0.0/30.0 30.0 —7.3134 S/IM
(17,9/(11,9 1.372/1.358 2.8/26.7 29.5 —7.3139 SIS
(16,2/(12,8 1.338/1.365 5.8/23.4 29.2 SIS
(15,4/(13,9 1.358/1.317 11.5/18.0 29.5 —7.3126 SIS
Junctionsto reacha relaxed26° bend(threedefects
(17,0/(12,8 1.331/1.365 0.0/23.4 23.4 —7.3024 SIS
(17,2/(13,7) 1.371/1.376 2.8/20.2 23.0 SIM
(17,9/(11,9 1.371/1.358 2.8/26.7 23.7 —7.3098 SIS
(16,2/(13,9 1.338/1.317 5.8/18.0 23.8 SIS
(16,2/(10,10 1.338/1.356 5.8/30.0 24.2 —17.3062 S/IM
(16,3/(14,5 1.385/1.336 8.4/14.7 23.1 S/IM
Junctionsto reacha relaxed18° bend(five defects
(17,0/(14,5 1.331/1.336 0.0/14.7 14.7 —7.3031 S/IM
(17,2/(13,6 1.372/1.317 2.8/18.0 15.2 SIS
(16,3/(12,8 1.385/1.365 8.4/23.4 15.0 —7.2983 SIS
(15,4/(11,9 1.358/1.358 11.5/26.7 15.2 SIS
(14,9/(10,10 1.336/1.356 14.7/30.0 15.3 —7.3014 M/M

defectsleadsto a smallerbendangle[Figs. 3(b)—3(d)]. In
contrast,from the 4° bend with one fused defect, adding
more fuseddefectsresultsin a largerbend[Fig. 3(e)].

Theremay be a numberof defectconfigurationsfor two
or more fuseddefectsin a bendjunction. For example,the
bendjunction, (10,10;16,2;26f, hastwo fuseddefectssepa-
rated[Fig. 3(c)] or fused[Fig. 3(d)] at one side of the joint
interface.The two defectsseparatedby one hexagonin Fig.
3(c) also can be separatedurther, as shownin Fig. 3(b)
wheretwo fusedpentagon-heptagodefectsare arrangedn
the oppositesitesat the joint interface.

The aboveshowthatthe atomicstructuresof abendjunc-
tion, including defectconfigurationsand tube helicities, can
be predictedif the bendangle and tube diametersare mea-
suredfrom the observedmages.The tube helicitiesand the
bendanglecanbe usedto characterizea bendjunction struc-
ture asit is relatedto the numberandarrangemenof defects
atthejoint. All the simulatedbendsin this work areformed
from the maximally separatedand/or fused pentagon-
heptagordefects.Therecanbe a numberof defectarrange-
ments for a given bend junction. Energy minimization is
neededor furtheridentificationof thesestructures.

IV. BEND ENERGETICS

All the bendsshownin Table| are stablein that the to-
pological defects,once formed in a MD simulation, keep
their arrangemenupon energy minimization in molecular
mechanicscalculations.The fifth columnin Table | shows
the minimized energiesper atomfor the selectedoendcon-
figurationswith cappedends.The end capis half of a Cy,q
fullerene moleculefor a (10,10 tube. For other tubes,it is
constructedby distributing six pentagonsas uniformly as
possiblein a hexagonalnetwork. There were about 1000
atomsfor eachbendmodelusedin the energyminimization
calculations.Using a similar molecularmechanicscalcula-

tion, the binding energywas found to be —7.3482eV/atom
for an infinitely long (10,10 tube, —7.3166eV/atomfor a
short (10,10 tubewith end caps(926 atoms, —6.9873eV/
atom for fullerene Cgo, and —7.2145eV/atomfor fullerene
Cys0 We seefrom Tablel thatthe energiegper atomof the
variousjunction modelsare slightly higherthanthe (10,10
tube energy.

Comparisonbasedonly on energyper atomis not well
definedunlessthe numberof atoms tubediametersandend
cap configurationsare identicalin the structuresbecauseall
thesefactorsmakethe contributionto the total energy.How-
ever, one can expectthat the bend energy decreasesith
decreasingiumberof defects.This canbeillustratedfor the
junction (17,2/(11,9, shownin Table I. This junction has
two bendangles,34° and 26°. It is found that the 34° bend
with one defectis 0.0041eV/atommore stablethanthe 26°
bendwith threedefectsalignedon oneside of joint circum-
ference.Consideringthat this extra energyis resultedfrom
only two additional defects (10 atoms for one fused
pentagon-heptagosthe total energydifferenceis quitelarge
(~1000%x0.0041/2=2 eV/defectrelative to two fused hexa-
gons. Thelargerenergyin the 26° bendis foundto decrease
to 1.7 eV/defectby rearrangingthe two fused pentagon-
heptagordefectsto the oppositesitesof the joint, asshown
in Fig. 3(b). The bendjunction (10,10;16,2;26f can have
two types of defectarrangementsThe structureshownin
Fig. 3(c) is foundto be morestablethanthatin Fig. 3(d), by
a total energydifferenceof 0.42 eV. Theseconfirm that the
bend energy decreasesvith decreasingnumber of defects
andalsofrom fuseddefectsto isolateddefects.

It is interestingto explorewhy all the bend modelsob-
tained from our MD simulationshave only two types of
pentagon-heptagodefects:maximally separatecand fused
defects. We have carried out accuratenonlocal density-
functional theory (b3lyp) calculationsfor model molecules
containingpentagonsind heptagonsn a hexagonakrray®®
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It is found that the total energyandthe optimizedgeometry
prefer two configurations.One is to maximally separatea
pentagon-heptagotefectin the joint circumferencefor for-
mation of a bendjunction as shownin Figs. 2(d) and 3(a).
The otheris to fusethe defectalongthe tubeaxis for forma-
tion of a straightjunction. One pentagonand one heptagon
leadto morestablestructuresvhenfusedtogetherthanwhen
separatedby a C-C bondor a hexagonThus,we believethat
the bendswith one maximally separateddefect are more
stablethanthe otherbends.We also calculatedthe energies
of (10,10/(18,0 (996 atomg and(10,10/(11,9 (960atoms
bendswith cappedubesusingBrennerpotential. The energy
was found to be —7.3138and —7.3129%V/atomfor these
two bendswith bendanglesof 34° and4°, respectivelyThis
showsno significantenergypreferencdor thesetwo typesof
bendsln otherword, the fusedpentagon-heptaggmair is not
lessstablethanan isolatedpair, asone might believe.How-
ever,this comparisons not basedon the sametube constitu-
entsand cap configurationsandthereforeis not conclusive.

It should be mentionedthat ~34° bendsare indeedob-
servedmore frequentlythan other small anglebendsin the
experimentaimages:! This may be relatedto the fact that
34° bendsare more stablethan other bends.Experimentally
it is difficult to detecta smaller sharpbend angle from a
transmissionelectron microscopy (TEM) image. It can be
seenfrom Fig. 3(f) thatthe 4° bendjunction with onefused
defect,without atomicstructuregprovidedby the simulation,
could be identified as merely elastic bendingof a SWNT.
This problemwould be solvedif the detailedatomic struc-
tures could be directly determinedexperimentallyor the
electrical propertiescould be provided as we expecta sig-
nificant different in electrical propertiesbetweena SWNT
anda SWNT junction.

V. ELECTRICAL PROPERTIES OF BEND JUNCTIONS

The electricalpropertiesof a SWNT havebeenshownto
be a function of tube structuralparameterm,n) within one
m-electrontight-bindingschemé. Thatis, a SWNT (m,n) is
metallic (M) if (m—n)/3 is an integerand semiconducting
(8) if itis not; andthe energybandgapof a semiconducting
tubehasaninversedependencen thetubediameter.Thus,a
SWNT bend junction, with structural parameters
(my,ny;m,,n,;0), canbea M-M, M-S, or $-S junction.
The junction types as classifiedby the tube helicities are
shownin Tablel. It must be pointed out that the one #-
electron tight binding treatmentmay not be accuratefor
smaller-diametetubes becausef significanto-# hybridiza-
tion effects,andthe local-densityapproximation(LDA) may
be better. This effect, however,can be ignoredfor tube di-
ameterslarger than 1.0 nm. Therefore,the classificationof
junctiontypesin Tablel shouldbe appropriate.

The electronicpropertiesof the bendjunctionswith small
tube diameters(<0.8nm) have been studied using local
density of state (LDOS) calculationsbasedon the one 7~
electrontight-binding treatmenf:** Our interestis in com-
paringthe LDOS of the larger tube diametertube junctions
with thoseof smallerones,andin usingtransmissiorcoeffi-
cientsto further understandhe electrical propertiesof the
SWNT bendjunctions.

We havedevelopedan algorithmto calculateLDOS and
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transmissiorcoefficientsfor SWNT junctionsusing one -
electrontight-binding model and a Green’s-functiontech-
nique within the Landauerformalism. The principle and
methodof this algorithmarevery similar to thosepreviously
reported® This algorithm takesthe atom configurationsof
two SWNT unit cells and the arrangemenbf atomsin the
junction interfaceas inputs, and treatsthe terminal tubesas
infinitely long. In this work, we presentthe resultsof these
calculationsusing a hopping parameterof 3.1 eV for junc-
tions (6,6)/(10,0 and(10,10/(17,0. Theunit cellsandinter-
facesare definedin Fig. 2(d) for junction (6,6)/(10,0. One
unit cell contains24 and 40 atoms(mj) for the metallic
tubes(6,6) and (10,10, and 40 and 68 atoms(sj) for the
semiconductingtubes (10,0 and (17,0, respectively.The
interfaceregioni includesanisolatedpentagon-heptagadte-
fect, andhexagonslongthe joint circumference.

The unit-cell averagedLDOS'’s are shownin Figs. 5(a)
and5(b) for junctions(6,6)/(10,0 and(10,10/(17,0, respec-
tively. The unit cells denotedby mj andsj (j=1,2,3...)
are further away from the interfacefor larger valuesof j.
Commonfeaturesto thesetwo junctions can be seen.The
LDOS are mostdistortedin the interfaceregion,and asym-
metricaboutthe Fermienergyof 0 eV. Theyindicatethatthe
distribution of the unoccupiedstatesis more affectedby the
presenceof the pentagon-heptagodefectsthan that of the
occupiedstates Moving awayfrom the interface the perfect
tubeDOSfeaturesarerecoveredThe LDOS at unit cellsm3
ands4 showthe basicvan Hove singularitiesof the perfect
metallic and semiconductingubes,respectively.Thesefea-
turesare basicallythe sameasthosepreviouslyreportedfor
junctions(6,6)/(10,0 (Ref. 14) and(7,1)/(8,0).°

It can be seen from the LDOS at $(~s4) and
M (~m3) that thereare more band modesfor largerdiam-
etertubes(17,0 and (10,10 thanfor smallerdiametertubes
(10,0 and (6,6) becauseof more atomsor 7 electronsper
unit cell in thelargerdiametertubes.The energygapis about
1.1 and 0.7 eV for semiconductortubes (10,0 and (17,0
while a plateauextendsabout2.2 and 1.3 eV for metallic
tubes (6,6) and (10,10, respectively.This confirmsa d™*
dependencéor the energygapof semiconductingubes,and
also, interestingly,for the energyplateauwidth of metallic
tubes. The distancefrom the interfacewhere the semicon-
ductor behavioris recovereds interesting,aswell. We can-
not seea significantdifferencein this distancebetweerthese
two junctions, (6,6)/(10,0 and (10,10/(17,0 eventhough
the energygapsin the semiconductotubes(17,0 and (10,0
andthe plateauwidth in the metallic tubes(10,10 and(6,6)
aredifferent. Thedistances ~1.4nm, in agreementvith the
value (1.5 nm) previouslyreportedfor (6,6)/(10,0.* In con-
trast, the distancewasfound to increasefrom M/$ junction
(8,0//(7,1) to S/S junction (8,0/(5,3).° From theseobserva-
tions, it seemsthat the distanceis more relatedto defect
numbersand arrangementshan the energygap considering
that(8,0/(5,3) containsthreedefectpairsandthe othersonly
one defect pair. In other words, junction interface size is
defectdependentlt is also likely that the tight-binding ap-
proximationusedin this work is not accurateenoughto de-
tect the dependencef the transitionzonelength on the en-
ergy gapor the tubediameter.

Figure4 showsa plot of the transmissiorcoefficientver-
susenergyfor SWNT's (6,6) and (10,0 and their junction.
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FIG. 4. The transmissiorcoefficientvs energy(eV).

The (6,6) tube hastwo conductingmodesaroundthe Fermi
energy and the transmissioncoefficient increasesas new
quasi-one-dimensionaubbandopen (also seeLDOS plot,
Fig. 5). Thereis awindow of energyaround3.1eV (alsothe
hopping paramete, where the transmissioncoefficient is
elevendueto the 11 subbandghat are open.For largeren-
ergiessubbanddeginto close and so the transmissionde-
creasesThe (10,0 tubeis a semiconductofseeFig. 5) and
so the transmissioncoefficientaroundthe Fermi energyis

T T T T T T T T T

LDOS (arb. units)

LDOS (arb. units)
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zero. The bandgapis about1.0 eV and for energiesaway
from the gap, subbandopento yield a maximumtransmis-
sionof 9, afterwhich subbandlose,resultingin a decrease
in the transmissioncoefficient. When a M/$ junction is
formed betweenthe two SWNT's, the transmissioncoeffi-
cientexhibitsa gap. This gapis the sameasthat of the band
gapof the semiconductingube;the semiconductingubehas
zero density of statesat theseenergiesand so the incident
electronfrom tube (6,6) is fully reflected.For energiesout-
side the gap, the transmissioncoefficient increaseson an
averageas the numberof modesincreaseDue to the pres-
enceof the barrier at the M/$ interface,the transmission
coefficientis, however,smallerthanthatin eitherthe metal-
lic or the semiconductingube side for all energiesWhile
the transmissioncoefficient and the DOS of the uniform
tubesare symmetricaroundthe Fermi energy,thoseof the
junction are not. The transmissiorcoefficientis smallerfor
positive energies.

A SWNT bendjunction will exhibit the typical hetero-
junction featuresof othertypesof junctions,asshownfrom
LDOS calculationsof Chicoet al.? This is further confirmed
by our calculationsfor boththe LDOS andtransmissiorco-
efficientsfor the observedSWNT junctionstructuresWe are
going to use low-temperatureSTM techniguesto measure
electricalpropertiesof the observedstructures.

VI. CONCLUSION

The SWNT bends,with diametersfrom ~1.0to 2.5 nm
and bend anglesfrom 18° to 33°, are observedin catalytic

s3

B S(-s4) n

I . I . 1 ) I .
—2.0 2.0 6.0 10.0

(b) Energy (eV)

FIG. 5. Theunit-cell averaged_.DOS vs energy(eV) for junctions(6,6)/(10,0 (a) and(10,10/(17,0 (b). Solid lines:i interface;andmi
andsi, unit cells [seeFig. 2(c)]. Crosssymbols:perfectsemiconductingubes(10,0 (a) and(17,0 (b).
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decomposition of hydrocarbonsat 600-1200°C. These
structuresaremodeledusinga new algorithmto connectwo
SWNT's by introducingpentagon-heptagatefectpairs. |t is
found that a SWNT bend junction can be characterizedy
tube helicities and the bend angle. The junction interface
structureor the numberand arrangemenbdf defectsat the
interfacecan be inferred from the tube helicities and bend
angle. Structuraland energeticcalculationsusing MD and
molecularmechanicssimulationsshow a numberof stable
configurationdor the given bendanglesandtube diameters.
The bend energydecrease$rom a fusedto isolateddefect

14989

arrangementor with a decreasein defect numbers.The
LDOS and transmissioncoefficient calculations using a
tight-binding algorithm suggesthat theseSWNT bendsbe-
haveasM/S, M/M, or $/S heterojunctions.
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